Intermittent density fluctuations of nucleotide molecules (adenine, guanine, cytosine and thymine) along DNA sequences are studied in the framework of a hierarchical structure (HS) model originally proposed for the study of fully developed turbulence [She and Lévêque, Phys. Rev. Lett. 72, 336 (1994)]. Large scale (10 3 ≤ ℓ ≤ 10 5 bp) base density fluctuation is shown to satisfy the HS similarity. The derived values of a HS parameter β from a large number of genome data (including Bacteria, Archaea, human chromosomes and viruses) characterize different biological properties such as strand symmetry, phylogenetic relations and horizontal gene transfer. It is suggested that the HS analysis offers a useful quantitative description for heterogeneity, sequence complexity and large scale structures of genomes.
I. INTRODUCTION
The DNA sequence of a complete genome of an organism contains the information not only for making all the proteins (genes) necessary for the organism, but also for assembling them to form the organism in a specific time order with specific three-dimensional patterns. While small-scale (from several to hundreds base pairs) patterns of the nucleotide arrangement are certainly important for determining its coding or non-coding nature and some regulatory biological functions (e.g. binding site or splicing site signal) [1] , more large-scale variation across several thousands base pairs or longer may be related to higher level biological functions such as controlling networks of genes which are likely important indices in evolution [2] . It is important to develop tools for analyzing these patterns with the available sequence data and to use it as a laboratory for quantitative exploring biological laws such as the mechanism of biological evolution [3] .
There has been considerable efforts in studying the statistical property of nucleotide distribution pattern [4] . The concept of "domains-within-domains" has been introduced in Ref. [5] and confirmed in Ref. [6] . The algorithms for DNA sequence alignment and similarity search have been developed for the study of phylogeny and evolution of many biological species [7] . Other methods developed in nonlinear analysis and information theory were introduced to characterize coding and non-coding DNA sequences [8] . Beside these studies focused on local motifs of the DNA sequence, many other methods, including statistical physics analysis [9] , spectrum analysis [5, 10, 11] , wavelet analysis [12] , etc, have also been proposed to measure the correlation between nucleotides over long distances along one-dimensional DNA chain. * Electronic address: she@pku.edu.cn
Although long-range correlation in DNA sequences has been established [13] , the nature and the significance of this correlative property remain under debate [14] . Of previous analysis of interesting scaling behaviors of DNA sequence, the most famous one is the 1/f -like power law at moderate length scales (typically 10 − 1000 bp) [10, 15] . Less effort has been performed to examine larger scale correlations, partially due to the lack of very long sequences in the past decades. Recently, large scale structure of DNA sequence, especially complete genomes, has been studied [16] . Such large scale structure at the genomic level contains the global evolution information which is lack in small scale one. Traditional methods, however, is ineffective to analyze long range correlation structure at the whole genome level. For example, local "base-base" correlation is difficult to reveal the corresponding biological meaning [13] ; power spectrum analysis is impractical due to computer limitation [16] . The present study gives a different approach which may be applicable to such large scale correlation at the genome level.
We have briefly introduced a hierarchical structure (HS) description of multiple scale structures of DNA sequences [17] based on an earlier HS model for hydrodynamic turbulence [18] . The starting point of the analysis is to construct a nucleotide density fluctuation visualization and the probability density function (PDF) description, then perform a multiple moment scaling analysis [19] , and apply the HS scaling model to characterize the fluctuation structure. This methodology makes it possible to study correlation structures up to more than 10 5 bp. Our analysis reveals that the nucleotide composition variations along genomes are far from random, but present a complex self-organized structure, called intermittent structure, which can be captured by the HS analysis. In this work, we will show that a detailed study of the systematic variation of HS parameter β measured from more than one hundred sequences of four kingdoms (Bacteria, Archaea, human chromosomes and viruses) reveals significantly biological information, such as strand symmetry, phylogenetic relations and horizontal gene transfer.
The paper is organized as follows: A multi-scale variable f ℓ concerning base composition fluctuations of genome sequences is introduced in Sec. II. We present briefly measurements of scaling property with special emphasis on the HS model and similarity test (β-test) in Sec. III. Section IV is devoted to a detailed HS analysis of various kinds of genome data. Section V offers a summary and some additional discussion.
II. BASE COMPOSITION FLUCTUATIONS
A single-stranded DNA chain can be viewed as a symbolic series {n i }(i = 1, 2, ..., L) of length L comprised of four nucleotides A, C, G and T. There are many kinds of transformation of DNA sequences to capturing certain properties, such as the "DNA walk" [9] , which construct a numerical sequence {u i } by a certain mapping rule (e.g., adenine rule: if n i = A then u i = 1; in all other cases
can be presented graphically as a one-dimensional land- scape of the original DNA sequence. Here we employ an alternative approach that introduces a window with length ℓ bp on the DNA sequence, and define the (local) density of a particular base as
where i is the location of the first base within the window. The definition can be used to any single nucleotide (A, C, G, or T) or their degeneracy (R, Y, etc.) and to any dinucleotide molecules (AT, AG, etc.) . By sliding the window with a certain moving step ∆ and changing the window size ℓ along the DNA sequence, we can obtain different fluctuation sequences f ℓ . When ℓ = L, f ℓ become the mean content of the nucleotide in the entire DNA chain. This multi-scale variable f ℓ , similar to the locally averaged energy dissipation rate ǫ ℓ in the turbulence field, is the coarse gaining of base density of the original DNA sequence, which allow us to calculate the probability density functions (PDF) P (f ℓ ) and other quantities of f ℓ of interest. The fluctuation structures of DNA sequences can be shown by a plot of local base density f ℓ against the sequence position. Figure 1 displays a segment of 0.8 million bp guanine density (G) fluctuations f ℓ with two scales 2 10 (≈ 10 3 bp) and 2 17 (≈ 10 5 bp) for four sequences: an independent identical distribution (i.i.d.) random sequence with ten million bp and 50% A+T content (Random), a simulated genome sequence with one million bp by the minimal model (Simulation) [20] , E. coli whole genome (Ecoli) and H. sapiens chromosome 4 contig 8 (Hsap4), respectively. The random sequence shows no surprising white noise signal at both scales and has the least fluctuations amplitude. The simulated sequence contains some visible tips but in a whole is stationary. The E. coli genome contains many low guanine density region which is atypical to the main body. The Hsap4 sequence with the special high guanine density seems most intermittent, which include many strong bursts breaking against the background and the highest fluctuation amplitude among the four. We believe that the transition of the fluctuation from small scales to large ones is of special interest to reveal the global information of genome.
With the multi-scale variable f ℓ , we can carry out the multi-scale PDF method to characterize the interesting structures of such sequences. Firstly we perform an analytical discussion on the random control sequence called i.i.d., i.e., the probability p of each base with u i = 1 (guanine rule) is equal to 0.25. For a certain window size ℓ, the number of guanine in the window u i exactly obeys the binomial distribution B(ℓ, p) [21] . Thus the PDF of the density f ℓ with a binomial shape is asymmetrical when the of trials is small, and approximates to be symmetrical when the number of trials large enough. Furthermore, if the "success" probability p of each trial is fixed between 0 and 1 (here p = 0.25), binomial distribution will approximate to Gaussian distribution. So for the larger window size, PDFs of f ℓ will have a Gaussian shape. We find that at a small scale (less than several hundred bp) the right wing of f ℓ extends further more than that of left wing. When scale ℓ ≈ 10 3 bp, the shape of PDFs becomes nearly symmetrical and Gaussian-like (data not shown here) which indicates the vanishing of window size effects. We hereafter analyze natural DNA sequences beyond this scale. Careful calculation of PDFs make it possible to investigate the fluctuation structures at very large scales up to 10 5 bp, about 1/2 to 1/100 of a typical microbial genome. For eukaryotic genome such as the human chromosomes, larger scales are more practical to study. But for comparison, the scale ranges are fixed between 10 3 and 10 5 for all sequences studied below.
The evolution of the PDFs of guanine density fluctuation within the scale range ℓ = 2 10 ∼ 2 17 bp for the full length of the four sequences in Fig. 1 are shown in Fig. 2 where only two scales ℓ min = 2 10 and ℓ max = 2 17 are displayed. With scale ℓ increasing, the distribution of tails progresses further, indicating the emergence of highly intense fluctuations in f ℓ . The four sets of PDFs show distinct shapes. Both random and simulated sequences have the narrow shapes of PDFs, corresponding to their low fluctuation magnitudes. Moreover, the PDFs of simulated sequence are also symmetrical as those of random sequence. Other two (Ecoli and Hsap4) are not symmetrical. The right wings of the PDFs of Hsap4 are far more higher than the left with an exponential decaying tail, and those of Ecoli is rightly opposite. Such tendencies in the changes of PDFs can be well captured by our quantitative HS analysis below. Denote by S p (ℓ) the pth order moment of the fluctuation f ℓ :
where P (f ℓ ) is the PDF of f ℓ . For the calculation of PDF, we take the linear sequence as a circle, thus all bases in the sequence are treated equally (especially for large ℓ).
In fact, most prokaryotic genomes are indeed circular. For large linear eukaryotic chromosomes like those of H. sapiens (L ≫ ℓ), the choice of open or close boundary conditions gives essentially the same result. In previous studies, great efforts were given to explore the power law scaling properties of some quantities like S p (ℓ) with respect to the length sale ℓ: S p (ℓ) ∼ ℓ ζp , called self-similarity (SS), where ζ p is called the scaling exponents [13] . Consequently, a log-log plot of S p (ℓ) versus ℓ will give a straight line with a slope ζ p . The DFA method [22] for analyzing "DNA walk" is such a SS approach. In many cases, however, such abstract scaling property does not hold well. Therefore, a more general scaling relation called extended self-similarity (ESS) [19] has been introduced in turbulence field, which is widely valid even when SS property is not available. The existence of ESS implies that the moments of different orders have a common changing mode with respect to the length scales, thus the ESS is also called relative scaling, with the form like
where ζ p,q is called the relative scaling exponents. loglog plots of S 3 (ℓ) vs. ℓ for guanine with ℓ ranging from 10 3 to 10 5 bp are shown in Fig. 3(a) , where the bended curves indicate the lack of power law scaling for all four sequences. Figure 3 (b) displays plots with S 3 (ℓ) vs. S 2 (ℓ), where the perfect linearity verifies the existence of the ESS property in the same scale range. Careful examines for other S p (ℓ) with higher order p (up to order p = 8) also show the validation of ESS (data not shown here). The relationship between scaling exponents ζ p,2 with different orders p can be precisely predicted by the HS model as below.
B. Hierarchical structure analysis
The HS model was originally proposed by She and Lévêque [18] to describe inertial-range multi-scale fluctuations in terms of a similarity relation between structures of increasing intensities of successive moment-orders p in the hydrodynamics turbulence fluid. This new similarity relation as a generalization of the Kolmogorov's complete-scale-similarity was later developed as a HS theory [23] , which has been successfully applied to analyze many turbulence related field, such as the CouetteTaylor flow [24] , flows in rapidly rotating disk [25] , the climate turbulence [26] , astrophysical magnetohydrodynamic turbulence [27] . and other various complex systems, such as the diffusion-limited aggregates [28] , the luminosity fields of natural image [29] , chemical reaction patterns [30] . Preliminary analysis of the base density fluctuations at moderate length scales along microbial genomes [31] has given also an encouraging sign that leads to the present work.
The HS model introduces a hierarchy of functions for successive fluctuation intensities:
, which is a weighted PDF for which µ p (ℓ) is the mathematical expectation. Such a hierarchy µ p (ℓ) covers the mean density fluctuation intensity µ 0 , and a series of increasing hierarchical intensities with increasing order p, and finally approaches to the intensity of the so-called most intermittent structure, µ ∞ (ℓ) = lim p→∞ µ p (ℓ). Therefore, one can associate each intensity with an appropriate order p which varies continuously from 0 to infinity. The increasing hierarchical intensity reflects the increasing contribution of positive fluctuation events while reduce that of negative ones. When p is small (less than 10), the hierarchical function µ p is dominated by the struggle of negative and positive components of bold fluctuations (which is presented by the shape of PDFs).
Note that µ p (ℓ) is a function of both ℓ and p, which is an inherent merit of the HS model: both scales and intensities are related to describe the multi-scaling property of fluctuation structures. The HS model postulates a relation among various intensities, called HS similarity, with the form like:
where the exponent β is a constant and α p is independent of ℓ. The validation of the HS similarity relation Eq. (5) can be tested by a so-called β-test [24, 32] , which says that a log-log plot of µ p+1 (ℓ)/µ 1 (ℓ) vs. µ p (ℓ)/µ 0 (ℓ) (often both items are normalized by the smallest scale ℓ 0 ) can be constructed, and the HS similarity is satisfied as long as a linearity is observed. Then the HS parameter β can be obtained by measuring the slope using the least square fitting. Technically speaking, this completes the HS analysis of a given set fluctuation data.
The HS theory can construct a scaling equation to predict the ESS scaling exponents. Equation (5) leads to a general formula of the scaling exponents:
where
is determined by ζ 2,2 = 1. The parameter γ is introduced to characterize the most intermittent structure:
where C 0 is the average density, and both constants are independent of the scale ℓ and of S 2 (ℓ), thus we have the exact results ζ 0,2 = 0, ζ 1,2 = 0 and ζ 1,2 = 0. The first constraint is automatically satisfied by Eq. (7), but the second constraint introduces a relation between the parameter β and γ to make only one of them independent. Therefore, the HS model here leaves only one free parameter to describe multi-scaling exponents of the nucleotide density fluctuations. An analysis shows [17] :
where β = 1. Note the situation of β → 1 means no intermittency, because γ will approximate to infinite. When β = 1 the (relative) scaling exponents will be a quadratic form ζ p,2 = p(p − 1)/2 which can be exactly observed in a completely random DNA sequence. The HS similarity relation Eq. (5) means that functions µ p (ℓ) obey a generalized similarity relation over a range of scales ℓ 1 ≤ ℓ ≤ ℓ 2 and over a range of intensities p 1 ≤ p ≤ p 2 . Such a HS similarity is an indication of the self-organization of the ensemble of the fluctuation events. When the HS similarity is presented, the parameter β measures the multi-scale, multi-intensity and self-organized property of the system [23] . When β → 1, the system are composed of completely selfsimilar structures. The corresponding physical picture is the Kolmogorov turbulence, where the large and smallscale statistics are completely self-similar. We will report below if an artificial DNA sequence is completely random, its base density fluctuations will belong to such case. The deviation of β from one means intermittency. Generally speaking, More departure the β, more outstanding the most intermittent structures stand with respect to the background fluctuations. Therefore, the value of β is more intuitively related to the degree of intermittency.
IV. HS ANALYSIS FOR GENOMIC DATA
We conduct the HS analysis for variant kinds of organisms spread all over three kingdoms of species: Eukaryote with Homo sapiens (24 chromosomes) and Saccharomyces cerevisiae cerevisiae (16 chromosomes); Prokaryote with 16 Archaea complete genomes and 124 Bacteria complete genomes/chromosomes; and 67 viruses complete genomes publicly available in the NCBI RefSeq Release 3, January 30, 2004 . For the H. sapiens genome, each fully sequenced chromosome composes a few "contigs", which is a draft or finished sequence. Therefore, we select the longest contig (typically large than 10 mil- 3 to 10 5 bp. For each sequence, four kinds of bases (adenine (A), cytosine (C), guanine (G) and thymine (T)) as four fundamental "words" in DNA sequences are analyzed independently.
Most sequences reasonably pass the β-test (with a correlation coefficient above 0.9995) for four different bases, thus HS parameter β can be obtained from the linear fitting. The measured β of four kinds of bases are listed in Table I ∼ Table V , for viruses, Bacteria, Archaea, S. cerevisiae and H. sapiens, respectively. The β obtained from random sequence and simulated genome sequence with the minimal model is also listed in Table VI to A. The meaning of parameter β
As an example, the results of the β-test for Random, Simulation, Ecoli and Hsap4 are shown in Fig. 4 , where the scale range is between 10 3 bp and 10 5 bp and ℓ 0 = 1024. The exactly good linearity of plots for all four cases indicate that the HS similarity is satisfied, which means that all genomic sequences including the random one have a nicely self-organized HS scaling property. The values of β G obtained are 0.99 ± 0.000, 0.98 ± 0.000, 0.93 ± 0.001 and 1.09 ± 0.002 for Random, Simulation, Ecoli, and Hsap4, respectively. ESS relative scaling exponents ζ p,2 measured in Fig. 3 as a function of order p are plotted in Fig. 5 , where also presents the prediction of HS model Eq. (7) with parameters β obtained in Fig. 4 . Good agreements between the data of scaling exponents (points) and HS model predictions (lines) are exactly established. The result of the random sequence analyzed shows that its scaling exponents have a theoretical quadratic form ζ p,2 = p(p − 1)/2 with β=1. Furthermore, scaling exponents ζ p,2 are distinctly separated into three groups: Random and Simulation with systematically moderate ζ p,2 ; Hsap4 with larger ones; Ecoli with smaller ones. Theoretical speaking, smaller ESS scaling exponents mean less heterogeneous and high intermittent corresponding to the smaller β. Results of Fig. 5 are consistent well with this theoretical consideration.
The quantitative β values are different for these four sequences. The i.i.d. random sequence has a β very close to 1 which is consistent with the self-similarity picture of both its base density fluctuations and the Gaussian-like PDFs. Simulated sequence with β close to 1 indicates that its base density fluctuations are very near to random. Interestingly, Ecoli and Hsap4 have different β values with remarkable deviations from one, where β G of Ecoli is lower than one and that of Hsap4 is on the opposite. This contrast can also be seen from the opposite fluctuations of the two sequences in Fig. 1 . The deviation of β from one is consistent with the increasing of more intermittent structures presented in the guanine density fluctuations shown in Fig. 1 and Fig. 2 . The β values measured here give a well quantitative description of this intermittent structures.
Most β values for various genomes in Table I ∼ Table V significantly deviate from one, indicating a nonGaussian statistical property of the base density fluctuations. Mathematically, the existence of β in a range ℓ 1 < ℓ < ℓ 2 means that the incremental hierarchical intensity µ p (p=0,1,...) in this scaling range are linked by a similarity parameter β. µ p is the mathematical expectation of p order weighted PDF which is directly related to the shape of the original PDF (0-order). If the original PDF is skewed or peaked, the incremental rate of µ p will deviate from that of a Gaussian PDF, which will lead to the deviation of β from one. Thus β is closely related to the heterogeneity (caused by atypical base density) of the sequence. The measured β, that is dependent on individual organisms, reflects different fluctuation structures of the different genomes.
For illustrating this point, we study the atypical components of the fluctuation signals. When atypical components are biased distribution, e.g., with more positive components than negative ones, the PDF is skewed with a long right tail. V p is introduced to measure the percentage of the positive components beyond a threshold relative to the whole ensemble:
where f is the base composition measured in a fixed window and µ is the mean value of f . Similarly, the percentage of the negative components V n is defined as
When calculating V p and V n , we fix the window length to be 1024 bp and let H be 1.5 times of standard deviation of f . For reasonable PDF (with a single maximum), the skewness can be roughly characterized by the relative value of V p and V n . When V p is far more than V n , the PDF tends to have a long right tail (such as Fig. 2(d) ), and vice versa. We study the relationship between β and the biased fluctuation of local base density by a log-log plot β vs. V p /V n in Fig. 6 for Bacteria, Archaea, Human chromosomes and viruses respectively. Note that β and V p /V n have the same tendency, which relate β with the biased distribution of atypical components. In a word, β measure the heterogeneity of a genome sequence. Although a theory called mutational equilibrium theory [35] for the interpretation of the stationarity of G+C content within a species has been proposed, the understanding (both qualitative and quantitative) on base compositional heterogeneity is still limited. Hereafter we propose β as the "prob" to systematically study the genomic heterogeneity. The analysis above is focused on the meaning of parameter β in terms of fluctuations of base composition, which is a intuitional study on the physical picture of genome sequences. Such a physical study may have other biological implications. It should be emphasized that HS theory has an mathematical invariance (symmetry) by defining a transformation group [23] . Such a symmetry is exactly achieved through a log-Poisson cascade process [36] . When we carry out multiscaling and hierarchical analysis of DNA, RNA and protein sequences, some transformations or symmetry may be useful to clarify the complexity of a biological system, especially genome data which combine the information of the structure and function together. We think that these quantitative properties, especially HS parameter β, are revelatory to characterize biological questions and farther research should be done. In the following, we will expound two points respectively: DNA strand symmetry in subsec. IV B and sequence complexity with β in subsec. IV C.
B. Strand symmetry
One of the most intriguing results obtained here is that base composition fluctuations of most Prokaryotic genomes and Eukaryotic chromosomes obey a parity rule: β A ≈ β T and β C ≈ β G . This is the extension of Chargaff's parity rule 2 (PR2), which states that if single strands of a long DNA duplex (say, a few thousand bp) are isolated and their base compositions are determined, then %A ∼ = %T , and %C ∼ = %G [37] . The validity of PR2 became clearer when full genome sequences are calculated. PR2 can be generalized to compositions of dinucleotide and other oligonucleotide [38] , or even the whole base-base correlation function [13, 39] . PR2 is generally interpreted as the strand symmetry of biological functionalities such as mutation and/or selection pressures acting on single base or oligonucleotide. Local asymmetrical base composition is also numerously reported [40] . As illustrated in Fig 7 (Top) , the local base density of A(G) and T(C) is not equal, but enantiomorphous each lection pressure, are not bias on a genomic scale. This finding is consistent with our previous results [17] , and such a biological implication may be deserved to study in the future. Recently ref. [41] introduced a similarity function to describe the strand symmetry, which has the form like:
where f i with i = {A, T, C, G} denote the density of any single nucleotide. S 1 can be used to characterize the symmetry level with a range from 0 (asymmetry/dissimilarity) to 1 (prefect symmetry/similarity) (details can be found in Ref. [41] ). We calculate S 1 β on the β of four bases, and display the results in Fig. 8 , where the symmetry levels roughly increase with the increasing of sequence length.
C. Sequence complexity
Another intriguing results is the systematic change of β with evolutionary categories. The relationship between evolutionary categories and sequences correlation structures have been studied previously in [10, 22, 42] . Note that Buldyrev et al. [11] suggested that the complexity of noncoding DNA sequences increased with evolution, with an increasing of spectrum exponents for highly evolved species. While Voss [10] found the spectrum exponents decrease with evolution. These incompatible findings are due to the equivocal meaning of spectrum exponents. We have shown that HS parameter β has an implication of biological evolution [17] , that is, the decrease of category averaged β A reflects the increasing degree of organization in more developed species. As shown in Sec. IV A, we related the decrease of β (of a specific base) with the increasing sequence heterogeneity introduced by concentration of low-density base compositions. We introduce a new definition of sequence complexity as the total heterogeneity of the four different bases. Because of strand symmetry, we reduce the number of variables from four to two by setting β S = (β C + β G )/2 and β W = (β A +β T )/2. Then the quantitative expression for sequence complexity is written as:
For a random sequence, SC = 0 because in that case β A ≈ β G . It establish a zero complexity for random sequences. Complexity of simulated sequence generated by the minimal model [20] is nearly zero. The SC values for different categories, which is shown in Fig. 9 , indicate that Human has the highest complexity and Eukaryotes has a higher complexity than Prokaryotes. Interestingly, on average Archaea is more complex than Bacteria. It is not clear if this is because the number of bacterial genomes studied is sufficient to get a statistical average while that of archaeal genomes is biased by its relatively small number of members. But it is remarkable that in this finite set both β S and β W of archaea genomes are lower than most of bacteria genomes. This is an interesting phenomenon which needs further study. Virus are very diverse: their β values have a big variance. This may be related to their variability nature.
The relative magnitude of β S and β W is also needs further investigation. From Fig. 9 it is clear that for Human β S > β W , while Archaea and Bacteria are on the contrary. It indicates the presence of many lowconcentration regions of C or G (and hence a high concen-tration of A or T) in the genomes of prokaryotic genomes. While many regions with high concentration of C or G are spread along the Human genome.
One plausible origin of sequence complexity is horizontal gene transfer (HGT), which has been recognized as one of the major forces in prokaryotic genome evolution [43] . HGT increase the heterogeneity by incorporating alien sequences, because recent transferred sequences from distantly related species have not undergone sufficient mutational pressure, thus its atypical base composition can be distinguished from ancestral DNA [44, 45] . According to this criteria, Garcia-Vallve et. al. [45] found that 0% to 22.2% of total genes of 88 bacterial and archaeal genomes are obtained by horizontal gene transfer. The guanine density fluctuation and β-test of three typical cyanobacteria (Thermosynechococcus elongatus BP-1 (BP-1), Synechocystis PCC6803 (PCC6803) and Synechococcus sp. WH8102 (WH8102)) are shown in Fig. 10 . WH8102 has a notable small β and extensive low-guanine regions comparing to the other two. Indeed, a lot of low G+C segments of the genome of WH8102 have been comprehensively identified as obtained by HGT [46] , contributing to its functionalization of the envelope-modification of the cell surface and the motility of swimming.
V. CONCLUSIONS
Our approach by HS analysis have some merits as the following: first, it has a solid theoretical foundation and has obtained many experimental supports, and varies models deduced from the HS theory has been widely used to analyze nonlinear fields containing intermittent structures; second, It employs an extended scaling analysis which lead to more accurate identification of scaling property; third but not least, the multiple scale fluctuation analysis of base composition is adequate to detect large scale (up to 10 5 bp) correlations. By carrying out an systematic study of the large scale structures of available genomes, we show that the large scale base density fluctuation (10 3 − 10 5 bp) of most examined sequences (including genomes of Archaea, Bacteria, Eukaryotes and viruses) satisfy the HS similarity relation. It reveals that base density fluctuations of genomes are hierarchically organized across scales and across intensities. The HS analysis (β-test) allows one to quantify the degree of multi-scale and multi-intensity correlations. It is known that the major contributing factors to the sequence-wide pattern is not the mean base content and correlations among neighboring bases in genome sequence, but the spatial heterogeneity of the base composition fluctuation or the long-range correlation that largely shapes the complexity of the whole sequence. Our HS parameter β obtained can capture this point. Furthermore, β is effective to describe horizontal gene transfer, strand symmetry, phylogenetic relations of various biological species. It is shown the values of β for natural DNA sequences show distinct deviation from one which is illustrated as the case of a completely random one. β values show significant divergence, but preserve the parity among bases presumably the consequence of strand symmetry. The HS parameter β are clustered according to evolution categories. It indicate that spatial heterogeneity of base composition or long-range correlation in genomic sequences are different for Archaea, Bacteria and Eukaryotes. The heterogeneity is interpreted as different genetic material transfer patterns for evolutionary communities. 
